One sentence summary: This study reveals distinct soil microbial communities in recently identified African Dark Earth sites, whereas the community structure and abundance of arbuscular mycorrhizae showed no response despite strongly improved soil fertility.
INTRODUCTION
One of the most challenging aspects of modern agriculture is to feed the exponentially growing global population whilst managing soils sustainably to preserve resources for future generations (Horlings and Marsden 2011) . Amazonian Dark Earth (ADE) soils, well known as Terra Preta, represent favorable outcomes of anthropogenic practices (Woods et al. 2009; Glaser and Birk 2012) that have served as a motivation for designing sustainable soil practices based on their biogeochemical composition (Lehmann 2009 ). These Anthrosols were thought to be unique to the Amazon region, and techniques were developed to mimic these favorable soil conditions in other areas, for example by biochar applications to soil (Atkinson, Fitzgerald and Hipps 2010; Biederman and Harpole 2013) . Very recently comparable soil types were identified in tropical West Africa, which have not yet been investigated in detail (Fairhead and Leach 2009; Leach, Fairhead and Fraser 2012) . Though not as ancient as the ADE, which can be up to 5000 year old (Whitehead, Heckenberger and Simon 2010) , these soils have been generated at least for the last 500 years and share many characteristics with ADE (Solomon et al. 2016) : the constant addition of kitchen waste, manure, bones or ash led to the transformation of originally highly weathered acidic tropical soils to fertile systems with high socio-economic value and C storage potential (Glaser 2007; Solomon et al. 2016) .
Plant access to organic nutrients in soil is primarily provided by soil biotic activity (Bardgett and van der Putten 2014) . Earthworms and ants have been shown to be especially active in ADEs (Fairhead and Leach 2009; Cunha et al. 2016) , but also soil microbial activity and abundance may be enhanced (Steiner et al. 2004) , which would further intensify the shift towards more productive systems in these fields. Soil microbes encompass an enormous diversity of phylogenetic and functional groups, which are relevant for nutrient and C dynamics in soil (van der Heijden 2008) . Especially in weathered tropical soils, which often exert nutrient limitations also on soil microbes, enhanced nutrient availability and reduced acidity will likely affect soil microbial communities (Camenzind et al. 2018) . At broader taxonomic scale, Ruivo et al. (2009) and Pagano et al. (2016) demonstrated a shift towards fungal dominated microbial communities in ADEs. Glaser and Birk (2012) supported these findings by chemical tracer analyses in deep Terra Preta soil horizons, proposing a generally more important role of fungi in metabolizing organic soil amendments. More specifically, distinct fungal, bacterial and archaeal communities have been reported in ADE compared to adjacent soils (e.g. Kim et al. 2007; Grossman et al. 2010; Lucheta et al. 2016) . Due to the important role of microbial communities in soil processes, such shifts in microbial abundance and especially community composition may affect nutrient cycling, C sequestration and gas emissions (Schimel and Schaeffer 2012) .
Whereas soil bacterial and fungal communities provide nutrient access to the plant rather indirectly via nutrient mineralization, a more direct element supply is provided by the group of mycorrhizal fungi (Brundrett 2004) . In tropical forests and agroecosystems, the association with arbuscular mycorrhizal (AM) fungi plays a predominant role (Verbruggen et al. 2013; Averill, Turner and Finzi 2014) . AM fungi represent a monophyletic group of obligate biotrophs that provide the plant with soil nutrients in return for carbon (Read and Perez-Moreno 2003) . Despite their ecological relevance, to our knowledge only one study addressed AM fungal patterns in Dark Earths at present: Pagano et al. (2016) described spore abundances and diversity in one Terra Preta site compared to adjacent soils, documenting higher species numbers. However, apart from low replication, the significance of spore formation is generally discussed critically and may not adequately represent the active AM fungal community (Clapp et al. 1995; Sanders 2004) . Research on biochar applications, which support very similar soil properties as found in many Dark Earths (Ding et al. 2016) , provides further insight in the potential relevance of AM fungi in Dark Earth systems: In a literature review, Biederman and Harpole (2013) found no effect of biochar amendments on intraradical AM fungal abundance, while observed variation in effect size was extremely large and depended on context. Frequent observations of positive effects have been related to improved soil conditions and the provision of refugia from grazers for hyphae by char particles (Warnock et al. 2007; Lehmann et al. 2011; Hammer et al. 2014) , whereas increased nutrient availability may negatively affect AM fungal abundance due to decreased plant investment towards its symbionts (Treseder 2004; Warnock et al. 2010) .
Similarly, information regarding AM fungal community composition in Dark Earth sites is to our knowledge not available so far. Based on current knowledge of AM fungal community dynamics, however, we expect distinct AM fungal communities associated with Dark Earth sites, as previously found for other microbial groups. It has been repeatedly demonstrated that AM fungal community composition is influenced by environmental conditions: soil parameters, especially pH, organic matter content and P availability affect community assembly (e.g. Dumbrell et al. 2010; Bouffaud et al. 2016; Roy et al. 2017) , factors that are strongly altered in Dark Earth systems (Glaser and Birk 2012; Solomon et al. 2016) . Furthermore, direct comparisons between sites exposed to different agricultural practices revealed distinct AM fungal communities associated with certain management types, predominantly associated with changes in soil characteristics such as P availability and pH (Guo et al. 2012; Verbruggen et al. 2012; Bouffaud et al. 2017) . Especially fertilizer additions may not only decrease AM fungal abundance, but also negatively affect AM fungal diversity and community composition (Lin et al. 2012; Camenzind et al. 2014; Zhu et al. 2016) . It was even demonstrated that high nutrient input alters phylogenetic assembly rules: AM fungal communities in natural habitats are generally characterized by phylogenetic clustering, a pattern predominantly induced by habitat-filtering and dispersal limitation (Horn et al. 2014; Davison et al. 2016) . However, Liu et al. (2015) found that following high-fertilizer inputs, AM fungal communities became overdispersed, pointing towards competitive exclusion under high nutrient supply.
Here, we aim to improve the knowledge on relations between soil parameters and the composition of soil microbial groups, including extraradical AM fungal abundance and community composition in this sustainable soil management system. We test the hypotheses that (1) similar to results from ADEs distinct parameters of soil properties in AfDE soils will shift soil microbial community composition and foster fungal dominance; (2) strong improvements of soil fertility, especially P availability (see Solomon et al. 2016) will decrease AM fungal abundance and diversity and (3) AM fungal community composition will diverge in comparison to adjacent soils.
MATERIALS AND METHODS

Study area and experimental design
Samples were taken at six sites located in northwest Liberia and five sites in Ghana (Ashanti region and Brong-Ahafo region). The Liberian sites range from 209 to 475 m above sea level, with a mean annual temperature of about 26
• C and mean precipitation of about 2900 mm yr −1 . Sites in Ghana were positioned at 184-315 m above sea level, a mean annual temperature of about 27
• C and mean annual precipitation of about 1090-1480 mm yr −1 (see Table 1 ). Soil types were characterized as Oxisols and Ultisols. At each site, different crop plants are cultivated, consisting of distinct mixed crop communities of three to four species (for further details see Solomon et al. 2016) . We compared plots characterized by AfDE or adjacent (ADJ) soil in a paired design at each site. Three 0.25-1 ha plots of each respective soil type were compared per site, which all harbored the same plant community and also exhibited comparable climatic conditions, topography, mineralogy and other edaphic characteristics. ADJ soils were regarded as control plots, since they provide a valid proxy for the 'original' soils from which AfDE developed due to their similarity to the underlying mineralogy (Solomon et al. 2016) . Soil samples were taken at a depth of 0-0.15 m in July/August 2011 by cutting 50 × 50 cm cores. At each plot, three soil samples of 1000 g were sampled in a zigzag fashion and pooled. 1000 g of mixed composite samples from each plot were pooled again per site and treatment, respectively. After any visible root remnants were removed, samples were air-dried and sieved (<2 mm) before being transported to Cornell University in the United States, James Cook University in Australia, Freie Universität Berlin in Germany and Lund University in Sweden for further analyses.
Soil analyses
Soil analyses were conducted as described in Solomon et al. (2016) : the pH-KCl was determined in 1:2.5 (weight/volume) suspensions. Total carbon (TC) and total nitrogen (TN) contents were analyzed through dry combustion (Nelson and Sommers 1996) using a Temperature Conversion Elemental Analyzer (TC/EA). Cation exchange capacity (CEC) was determined using NH 4 OAc buffered at a pH of 7 (Sumner and Miller 1996) , and plant-available elements (Al, B, Co, Cu, Fe, Mn, Ni, P, S, Si and Zn) were extracted through the Mehlich III extractant and quantified by an Inductively Coupled PlasmaOptical Emission Spectrometer (ICP-OES). The pyrogenic carbon (PyC) content was determined by means of hydrogen pyrolysis (Ascough et al. 2009; Wurster et al. 2012) followed by Elemental Analysis/Continuous-flow Isotope Ratio Mass Spectrometry (EA/CF-IRMS), and expressed as the percentage of total organic carbon (TOC). Soil texture was determined using the pipette method with 20 g dry soil dispersed in 1000 mL of 10% (w/v) Calgon solution, separated by sedimentation for different periods of time, dried, and weighed (Gee and Or 2002) . Bulk density was determined from undisturbed soil samples collected in core samplers of known dimension and calculated as the mass of the oven dry soil per unit volume of the soil (Blake 1965) . Since bulk densities were significantly affected by respective soil types (Table 1) , all soil properties were expressed on a soil volume basis to allow for comparability.
Lipid fatty acid analyses of microbial communities
Dry soil samples were stored at −20
• C prior to lipid fatty acid analyses. 2 g ball-milled soil from each soil type per site was analyzed for fatty acid contents. Lipid extraction was performed according to Frostegard, Tunlid and Baath (1991) . The extracted lipids were fractionated into neutral lipids, glycolipids and polar lipids on a silica acid column (Bond Elut, Varian Inc., Palo Alto, CA, USA) by successive elution with chloroform, acetone and methanol. The chloroform fraction (containing the neutral lipids) and the methanol fraction (containing the phospholipids)
were subjected to mild alkaline methanolysis to transform the PLFAs and the NLFAs into free fatty acid methyl esters. These were analyzed on a gas chromatograph with a flame ionization detector and a 50 m HP5 capillary column, according to Frostegård, Tunlid and Baath (1993) . The PLFA 18:2ω6,9 was used as an indicator of fungal biomass, the sum of the PLFAs i14:0, i15:0, a15:0, i16:0, 16:1ω9, 16:1ω7c, 10Me16:0, i17:0, a17:0, cy17:0, 10Me17:0, 18:1ω7, 10Me18:0 and cy19:0 as an indicator of bacterial biomass and 10Me16:0, 10Me17:0 and 10Me18:0 additionally for the subgroup of actinobacteria (Willers, van Rensburg and Claassens 2015) . The NLFA 16:1ω5 was used as a marker for extraradical AM fungal abundance (Olsson 1999) . Fatty acids were expressed in nmol cm −3 soil.
DNA extraction, amplification and sequencing of AM fungal communities
The DNA extraction and amplification procedures followed those in Roy et al. (2017) . Briefly, DNA was extracted from 250 mg soil using the Power-Soil DNA Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA, USA). The AM fungal ribosomal gene region between 18S and 28S genes was amplified using AM fungal specific primer mixes (Krüger et al. 2009) . After this nested PCR, an amplicon located in the 28S gene and suitable for Illumina MiSeq sequencing (365 to 435 bp in length) was created using the general fungal primers LR2rev (5 -GAAAAGAACTTTGAAAA-3 , a new primer being the reverse-complement with few bases shifts of the LR2 primer)-LR3 (5 -CCGTGTTTCAAGACGGG-3 ) (ht tp://sites.biology.duke.edu/fungi/mycolab/primers.htm), which were extended with the P5 and P7 sites required for sample indexing (see below and Roy et al. (2017) ). All PCRs were done using the proofreading Kapa Hifi polymerase (Kapa Biosystems, Boston, MA, USA) and consisted of 0.2 mM of each dNTP, 0.3 μM of forward and reverse primers, 1 × of Kapa Hifi buffer and 0.5 U of Kapa Hifi polymerase. PCR thermo-cycle conditions were as follows: initial denaturation at 95
• C for 3 min,
cycles of denaturation at 98
• C for 20 s, annealing at 60
• C for 30 s and elongation at 72
• C for 40 s, and a final elongation at 72
• C for 2 min. Obtained PCR products were cleaned using the NucleoSpin R Gel and PCR Clean-up Kit (Macherey&Nagel, Düren, Germany) and subsequently indexed in ten PCR cycles as recommended in the Metagenomic Sequencing Library Preparation Guide provided by Illumina with the exception that normal Kappa Hifi polymerase was used instead of the HotStart version and indexing primers were custom made oligomers constituting of the flow cell adapter, the sample specific 8mer and sequencing primer part. Each sample had a unique combination of P5 and P7 indexing primers, we used two P5 and eleven P7 indices in 22 unique combinations. PCR products were cleaned using Solid Phase Reversible Immobilization beads, concentration of DNA was quantified by PicoGreen measurements. All the samples were diluted to 5 ng/μL and pooled in an equimolar amount with 86 samples not related to this study but of comparable length. Library quality was controlled by high sensitivity DNA assay (Agilent 2100 Bioanalyzer, Agilent Technologies, Santa Clara, CA, USA). The amplicon pool was sequenced on an Illumina MiSeq platform at the Berlin Center for Genomics in Biodiversity Research (BeGenDiv, Berlin, Germany) using one flow cell.
Bioinformatics and phylogenetic sequence analysis
Sequence processing was done with USEARCH using the UPARSE pipeline (Edgar 2013) . Raw sequences of forward and reverse sequencing were first merged and then quality-filtered and trimmed to a length of 400bp. Sequences belonging to this study were merged into one file, unambiguously named according to the sample from which they originated and subjected to an OTU clustering pipeline. In the first step of the pipeline, samples were dereplicated and sorted by abundance, while singletons were discarded. Subsequently, OTUs were clustered and sequence reads including singletons were mapped back to OTUs following a 97% similarity cut-off. An OTU table was created from the mapping file. The representative sequence of each OTU was then blasted using the NCBI database excluding sequences from environmental and/or uncultured samples to obtain annotations and remove non-specific sequences. The OTU table of AMF was annotated in R (R Core Team 2014) according to the blast results and resampled to 4357 reads, the lowest number found among samples. Singletons were removed. In order to assign the OTUs at the family level, we applied an additional BLAST search against the phylogenetic reference data for Glomeromycotina provided by Krüger et al. (2012) . To confirm the placement of OTUs within the Glomeromycotina and the taxonomic classification, we aligned the representative sequences of our OTUs to a selected number of reference sequences from Krüger et al. (2012) . References were selected to ensure the representation of each species by two to four sequences, depending on availability. The alignment was calculated in MUSCLE version 3.8.31 (Edgar 2004 ) and then used to build a maximumlikelihood tree in RAxML version 7.4.2 (Stamatakis 2006) , using the GTRGAMMA implementation and 1000 bootstrap analyses. Representative sequences of each OTU were submitted to GenBank under accession numbers MG724917-MG725030.
Statistical analyses
All statistical analyses were conducted in R (version 3.3.2; R Core Team 2014). Soil and environmental variables of sampled sites were illustrated by principal component analyses in order to display differences between soil types. The amount of variation of each soil variable explained by soil type was analyzed by linear models, using longitude/latitude as well as soil type as fixed effects, and extracting respective sums of squares derived from the models. In case of non-normality of model residuals, data were logtransformed, thereby meeting the prerequisites of linear models (Table 1) .
Differences in the abundance of microbial groups measured by PLFA/NLFA analyses in AfDE and ADJ soils were determined by paired t-tests, taking into account the paired sampling design. Relevant environmental factors affecting the abundance of different microbial groups were identified by stepwise model selection with the Akaike information criterion (AIC) applying the function stepAIC(), based on a linear-mixed effects model (lme() in package 'nlme' (Pinheiro et al. 2014) ) including region nested in country as random factors. Collinear variables were excluded a priori from the models; collinearity was determined by calculating the variance inflation factor (function vif() in the package 'car' (Fox and Weisberg 2011) ) and ecologically relevant variables were selected. When the underlying assumptions of normality were not met, data were log-transformed (Table 2 ).
All community analyses were based on functions implemented in the package 'vegan' (Oksanen et al. 2013) . In order to account for the sampling design, multivariate analyses included latitude and longitude vectors as well as selected spatial eigenvectors to correct for spatial auto-correlation. Eigenvectors were created by Moran Eigenvector Mapping (Caruso, Taormina and Migliorini 2012) in the package 'spacemakeR' (Dray 2010) , and relevant vectors explaining significant amounts of variation in community data not accounted for by longitude and latitude were selected based on AIC values. Correlations among community matrices and spatial coordinates were additionally tested by Mantel tests.
Soil microbial community PLFA data were square-root transformed to down weight the importance of highly abundant individual PLFAs (de Gannes et al. 2016) . Differences in community composition among soil types were analyzed by permutational multivariate analysis of variance (perMANOVA) using the function adonis() with 999 permutations, based on Euclidean distances of square root transformed data. Spatial vectors were kept as co-variates in the model when testing differences among AfDE and ADJ sites. Community dissimilarity was illustrated by distance-based redundancy analysis (dbRDA) analyzing Euclidean distances of square-root transformed PLFA data by the function capscale() implementing spatial vectors as conditioning variables. Significance of dbRDA was determined based on permutation tests with a maximum of 10 000 permutations. Environmental variables significantly affecting microbial community composition were analyzed by automatic stepwise model selection applied to the dbRDA, using function ordistep(). Collinear variables were again excluded from the model based on variance inflation factors calculated by vif.cca() and their ecological relevance.
AM fungal community diversity indices of richness, Shannon Index and evenness were calculated using the package 'vegan' (Oksanen et al. 2013) , phylogenetic diversity represented by Faith's Phylogenetic diversity, mean pairwise distances and mean nearest taxon distance within communities using the package 'picante' with the functions pd(), mpd() and mntd() (Kembel et al. 2010) . The relevance of phylogenetic clustering within communities was assessed by calculating standardized effects sizes of phylogenetic diversity indices (ses.pd(), ses.mpd() and ses.mntd() in 'picante'), comparing observed phylogenetic diversity to null model communities created by independent swap algorithms (Gotelli 2000) . Differences in diversity indices among AfDE and ADJ soils were analyzed by paired t-tests. AMF community dissimilarity was calculated by the function vegdist() using Bray-Curtis dissimilarities for non-transformed abundance data, as well as Jaccard similarity coefficients for presence/absence data. Additionally, phylogenetic beta diversity of abundance and presence/absence data was analyzed based on inter-community mean pairwise distances with the function comdist() from the package 'picante'. Again, community dissimilarities were illustrated by dbRDA and differences in community composition among soil types determined by per-MANOVA, including spatial vectors as conditioning variables or co-variates, respectively. The relevance of environmental factors affecting community dynamics were determined by automatic stepwise model selection as described for PLFA community analyses above. Indicator species analyses were performed using function indval() from the package 'labdsv', in order to identify AM fungal OTUs specifically associated with AfDE (Roberts 2016) .
RESULTS
Soil characteristics
Principal component analysis of environmental variables revealed clear differences between AfDE and ADJ sites (Fig. 1) . However, sites also partitioned based on geographic positions, a pattern primarily driven by differences in precipitation, temperature, texture and the availability of several trace elements such as Co, B and Zn ( Fig. 1 and Table 1 ). Still, main differences were observed along the first principal component axis differentiating soil types, which explained 33.4% of variation, and despite strong spatial patterns a large amount of variation in individual soil characteristics was explained by soil type (Table 1) . AfDE were less acidic, and the soil stocks of C, N and P and many microelements as well as CEC were significantly higher in AfDE than ADJ sites ( Fig. 1 and Table 1 ).
Shifts in soil microbial community composition characterized by phospholipid fatty acid analyses
The average amount of microbial groups and total PLFAs was similar in AfDE compared to ADJ soils (Fig. 2) . In contrast, the amount of fungal PLFAs as well as the fungal:bacterial ratio were significantly higher in AfDE than ADJ (Fig. 2c and e) . Stepwise multiple regression revealed pH to be the most relevant environmental factor determining fungal abundances in soil (Table 2) , whereas the more abundant bacterial fatty acids and with that also total PLFA amounts were positively affected by CEC, but negatively correlated to the percentage of PyC in soils (Table 2) .
When analyzing the composition of microbial PLFA markers, we observed a significant difference between AfDE and ADJ soils as revealed by perMANOVA (P < 0.01, R 2 = 0.1) and dbRDA ( Fig. 3 ; detailed statistical outputs are provided in Supporting Information S1). The main environmental variable relevant for soil microbial community composition was pH as determined by stepwise model selection using permutation tests (see Supplementary Data S1). Mantel correlations supported a significant spatial structuring of microbial community composition (P = 0.001, r = 0.48).
AM fungal community composition in AfDE and adjacent soils
The extraradical AM fungal abundance in soil quantified by the neutral lipid fatty acid (NLFA) marker 16:1ω5 did not differ significantly between AfDE and ADJ sites (Fig. 2a) . Stepwise multiple linear regression revealed a positive correlation with CEC and silt contents, in contrast to a significantly negative correlation with P availability (Table 2) . Illumina sequencing revealed a total of 775 649 sequences in all samples after processing in USEARCH. Sequence clustering at a threshold of 97% sequence similarity resulted in 184 OTUs. Resampling the dataset to a common read number of 4357 reduced this dataset to 114 OTUs (see Fig. S1 , Supporting Information), which were all assigned to Glomeromycotina after BLAST against the NCBI database. After comparison with the phylogenetic reference data provided by Krüger et al. (2012) , the majority of OTUs (101, i.e. 88.6%) were placed in the family of Glomeraceae. Acaulosporaceae and Gigasporaceae were present with six and four OTUs, respectively (5.3% and 3.5%), while Archaeosporaceae, Diversisporaceae and Paraglomeraceae were detected by one OTU each (0.9%).
Diversity indices of alpha and beta diversity as well as phylogenetic diversity did not show any difference between AfDE and ADJ soils (Table 3 , Fig. S2 , Supporting Information). Observed phylogenetic diversity indices were consistently lower than indices calculated for null model communities, thereby indicating phylogenetic clustering, a pattern not affected by soil type (see Fig. S2 , Supporting Information).
Regarding AM fungal community composition (see Fig. S1 , Supporting Information), neither perMANOVA of Bray-Curtis community dissimilarities (P = 0.41, R 2 = 0.04) nor dbRDA ( Fig. 4; detailed statistical outputs are provided in Supporting Information S1) revealed significant differences between soil types. Likewise, we did not detect any indicator species associated with AfDEs. When looking at environmental variables determining community composition, no environmental factor remained as explanatory variable in the final model (see Supporting Information S1), whereas Mantel correlation tests indicated significant spatial structuring of AM fungal communities (P < 0.05, r = 0.14). Additional analyses of the phylogenetic community structure and assembly patterns did not reveal significant differences between soil types. Phylogenetic beta diversity showed the same underlying patterns as observed in community structure: no significant differences between soil types were found (perMANOVA: P = 0.5, R 2 = 0.04) and no environmental factor significantly explained phylogenetic structure of AM fungal communities (see S1, Supporting Information). Repeating all analyses with presence/absence community data revealed the same patterns (data not shown). Table 2 . Results of multiple linear regression analyses of soil microbial groups in response to several environmental factors (linear-mixed effects models followed by stepwise model selection using AIC).
Soil biotic group
Resulting model (tested explanatory variables: C/N + CEC + P + pH + PyC + Silt) 
DISCUSSION
This study describes microbial abundance and community composition and their relation to chemical soil properties of the recently discovered AfDE soil management systems in detail.
As predicted based on similarities in the formation of soil types, AfDE soil parameters closely resembled Amazonian Terra Preta soils, with characteristic microbial and chemical properties clearly differentiating Dark Earth from adjacent plots (Woods et al. 2009; Glaser and Birk 2012) . In accordance with our hypothesis, fungal abundance was higher in AfDE soils, and microbial communities showed a clear divergence between soil types. In contrast, our detailed characterization of AM fungal abundance and community composition in Dark Earth soils did not reveal detrimental effects of this management type, contradicting predictions with respect to enhanced nutrient availability. As described for ADE soils (e.g. Cunha et al. 2009; Glaser and Birk 2012) , C contents, nutrient availability and cation exchange capacity were increased in AfDE compared to ADJ sites, in parallel with less acidic conditions and lower Al and Fe contents (see also Solomon et al. 2016) . Though sampled sites covered a wide geographic area across two countries, which are clearly distinguished by climatic conditions, chemical soil properties were primarily driven by respective soil types. As hypothesized, this strong shift in soil properties was accompanied by changes in the soil microbial community, apparent in the increase of fungal:bacterial ratios as well as an overall significant community shift. These findings support previous observations in ADE soils and thus further emphasize the similarity of both ADE and AfDE soils (e.g. Ruivo et al. 2009; Glaser and Birk 2012; Lucheta et al. 2016) . In theory, saprotrophic fungi should be favored in these highly organic soils due to their enzymatic capacities and advantages in the breakdown of complex organic compounds (de Boer et al. 2005; Koranda et al. 2014) . Indeed, fungal abundance was enhanced in AfDE, though correlation analyses revealed pH instead of soil elements to be the main factor influencing fungal abundance as well as microbial community composition. This finding is surprising, since fungi are often more tolerant to acidic conditions than bacteria (Strickland and Rousk 2010) . Potentially, pH amongst other properties may best reflect the changes resulting from soil modifications in AfDE (Glaser and Birk 2012; Ding et al. 2016) , in addition to representing a relevant factor for microbial communities in ADE and biochar amended soils in general (Dai et al. 2016; Lucheta et al. 2016) . Furthermore, observed shifts in microbial community composition may result from a complex impact of charred materials on soil properties: improved soil fertility, the release of organic compounds, changes in microbe-microbe signaling and effects on extracellular electron transfer relevant for anaerobic microbial metabolisms (Briones 2012; Masiello et al. 2013; Sun et al. 2017) .
In contrast to differential responses in microbial community composition between AfDE and ADJ soils, the abundance of bacteria, actinobacteria as well as overall microbial biomass estimated by PLFA contents was not significantly different in AfDE compared to adjacent soils. So far we know relatively little about overall microbial abundance and activity in ADEs: Steiner et al. (2004) report similar values of microbial biomass and soil respiration in ADE compared to adjacent forest sites, whereas Liang et al. (2010) found a 125% increase in microbial biomass in ADEs. Meta-analyses also revealed greater microbial biomass with biochar additions to soil (Biederman and Harpole 2013; Ding et al. 2016) . Despite the lack of response in microbial biomass in AfDE, microbial activity and mineralization rates were not measured and may show different patterns (Sakamoto and Oba 1994; Hargreaves and Hofmockel 2014) .
AM fungal abundance in soil did not differ in AfDE and ADJ sites despite significantly increased nutrient availability, especially of P. Due to the absence of available studies in Dark Earth soils, our hypotheses on AM fungal abundance were derived from other land use studies, which may not reflect the complex changes in Dark Earth systems and provide inaccurate assumptions (Atkinson, Fitzgerald and Hipps 2010) : Inorganic fertilizer additions mostly result in decreased AM fungal abundance (reviewed in Treseder 2004) , whereas inputs of organic nutrients as well as biochar application may have neutral or positive effects (Gryndler et al. 2006; Hammer, Nasr and Wallander 2011b; Biederman and Harpole 2013; Cavagnaro 2014) , as also seen for lowered soil acidity (Guo et al. 2012) . Generally, increased P availability lowers plant investment into mycorrhizal symbionts (Olsson, Baath and Jakobsen 1997; Johnson et al. 2015) , one likely mechanism in AfDE since AM fungal abundance was negatively correlated to available P contents. However, this effect might be counterbalanced by enhanced plant growth and also high demand for other nutrients-for example N, as indicated by lowered N:P ratios in AfDE (Hodge, Helgason and Fitter 2010; Veresoglou, Chen and Rillig 2012) . On the other hand, mycorrhizal fungi can also be directly affected by soil conditions, for example by a release from primary nutrient limitation of the fungus itself in these weathered tropical soils (Treseder and Allen 2002) or direct positive impacts of organic amendments (in particular pyrogenic organic matter) and improved soil conditions on AM fungal growth (Gryndler et al. 2009; Lehmann et al. 2011; Hammer et al. 2011a) . Such an additional impact of direct soil effects on AM fungal abundance is supported here by positive correlations with CEC.
Contrary to our third hypothesis, AfDE soil management did not affect AM fungal diversity, community composition or phylogenetic structure. None of the measured soil parameters, though strongly affected by management type, significantly explained variation in AM fungal community composition; only spatial position was revealed as a mechanism structuring those communities. Again, as discussed for AM fungal abundance, the lack of change in AM fungal community composition may be explained by an interplay of several mechanisms, with respect to increased P availability versus improved soil quality of poor tropical soils, as well as fungal versus plant nutrient demands. A lack of correlation with soil parameters such as pH, C contents and P availability is still surprising regarding our knowledge about AM fungal community assembly (Lekberg et al. 2007; Dumbrell et al. 2010; Kivlin, Hawkes and Treseder 2011) , though some other large-scale surveys of AM fungal communities also revealed minor land use impacts and more predominant effects of spatial distance and plant community structure (Hazard et al. 2013; Jansa et al. 2014; Xu et al. 2016) . These findings again illustrate the difficulty to predict AM fungal community assembly in individual systems despite the rapidly growing number of high-throughput sequencing studies, since explanatory variables strongly depend on investigated spatial scales, ecosystem type and environmental gradients (Lekberg and Waller 2016; Powell and Bennett 2016; Valyi et al. 2016) . This lack of predictability also emphasizes the need to analyze the AM fungal status in such new management techniques.
Since AfDE may represent a model system of future sustainable management techniques (Solomon et al. 2016) , such deeper understanding of its impact on soil microbial processes is crucial. In this context, the observed lack of a direct shift in AM fungal communities between ADJ and AfDE soils is an affirmative result. AM fungi, which are often negatively affected by conventional farming practices, are relevant for long-term productivity of crop production (Bowles et al. 2017; Treseder 2004 ) and for sustainable agriculture (Bender, Wagg and van der Heijden 2016; Rillig et al. 2016) . Likewise, the observed increase in fungal abundance may improve nutrient cycling and C sequestration due to higher C use efficiency and formation of more persistent organic matter compared to bacteria (Six et al. 2006; Glaser and Knorr 2008; Malik et al. 2016) , factors that may positively affect C storage in Dark Earth soils (Glaser and Birk 2012) . Thus, our study does not only deepen the knowledge of microbial and chemical patterns in Dark Earth soils, which were shown to be comparable in ADE and AfDE sites, but especially supports the sustainability of this management type.
